Background/Aims: Ectopic lipid accumulation in hepatocytes has been identified as a risk factor for the progression of liver fibrosis and is strongly associated with obesity. In particular, the saturated fatty acid palmitate is involved in initiation of liver fibrosis via formation of secondary metabolites by hepatocytes that in turn activate hepatic stellate cells (HSCs) in a paracrine manner. Methods: α-smooth muscle actin-expression (α-SMA) as a marker of liver fibrosis was investigated via western blot analysis and immunofluorescence microscopy in HSCs (LX-2). Sphingolipid metabolism and the generation of the bioactive secondary metabolite sphingosine 1-phosphate (S1P) in response to palmitate were analyzed by LC-MS/MS in hepatocytes (HepG2). To identify the molecular mechanism involved in the progression of liver fibrosis real-time PCR analysis and pharmacological modulation of S1P receptors were performed. Results: Palmitate oversupply increased intra-and extracellular S1P-concentrations in hepatocytes. Conditioned medium from HepG2 cells initiated fibrosis by enhancing α-SMA-expression in LX-2 in a S1P-dependent manner. In accordance, fibrotic response in the presence of S1P was also observed in HSCs. Pharmacological inhibition of S1P receptors demonstrated that S1P 3 is the crucial receptor subtype involved in this process. Conclusion: S1P is synthesized in hepatocytes in response to palmitate and released into the extracellular environment leading to an activation of HSCs via the S1P 3 receptor.
Introduction
Non-alcoholic fatty liver disease (NAFLD) has been identified as a risk factor for progression of liver fibrosis and is strongly associated with insulin resistance and obesity [1] . Excess lipid accumulation in liver results in oxidative stress, mitochondrial dysfunction, production of pro inflammatory cytokines and apoptosis [2, 3] . These negative effects are mainly induced by saturated fatty acids (SFA) especially palmitate that is enhanced in obese individuals [4] . In contrast, mono-and poly-unsaturated fatty acids have been discussed to possess a protective effect on hepatocytes via accumulation of triacylglycerols (TAGs) in lipid droplets [5] . The lipotoxic effect of SFAs is a central contributor to the progression of liver fibrosis but the molecular mechanism is not fully understood. Hepatic stellate cells (HCSs) are main mediators of this fibrogenic process. Activation of HSCs leads to cellular changes like transdifferentiation into myofibroblastic HSCs and is accompanied by production of extracellular matrix proteins (ECM) and collagen [6] [7] [8] . The increased expression of ECM like α-smooth muscle actin (α-SMA) enhances cell contractility and is considered as a pivotal event of hepatic fibrosis. Various intracellular signal transduction pathways are involved in activation of HSCs and hepatic fibrosis [9, 10] . Previously, it has been shown that ceramides are formed from palmitate in hepatocytes by de novo sphingolipid synthesis and play an important role in pathogenesis of liver fibrosis [11, 12] . Moreover, it has been proposed that released meditators from hepatocytes during a lipid oversupply may contribute to the activation of HSCs [13] . Once generated, ceramides can be further metabolized to the bioactive metabolite sphingosine 1-phosphate (S1P). S1P can be released via specific ATPbinding cassette (ABC)-transporters or via the S1P transporter spinster homolog 2 into the extracellular environment and activates 5 specific G protein-coupled S1P receptors (S1P [1] [2] [3] [4] [5] ) in an auto-and paracrine manner [14, 15] . In addition to well established effects of S1P in pathogenesis of metabolic diseases, a growing body of evidence indicates that S1P can be considered as an important regulator of fibrosis [16, 17] . S1P exhibits pro-as well as antifibrotic activities depending on the site of action. Intracellular formed S1P possesses anti fibrotic effects, whereas extracellular S1P provokes fibrosis in a S1P receptor-dependent manner [18] .
The main aim of this study was to investigate the interaction between ectopic lipid accumulation in hepatocytes and HSCs activation. As a model for hepatic steatosis, hepatocytes were incubated with palmitate and the conditioned media (CM) was used to initiate HSC activation. Palmitate induced the formation of intracellular S1P in hepatocytes that was released into the extracellular environment. Moreover, S1P was identified to mediate a fibrotic response in HSCs via stimulation of the S1P 3 receptor subtype. Most interestingly, CM lost its ability to activate HSC in the presence of a S1P 3 antagonist suggesting a novel therapeutic target for the treatment of liver fibrosis.
Materials and Methods
Materials S1P was obtained from Biomol (Hamburg, Germany). D7-S1P was from Avanti Polar Lipids (Alabaster, USA). D-MEM (Dulbecco`s modified Eagle`s medium) and BSA (bovine serum albumin) were ordered from Biochrom (Berlin, Germany), JTE-013 was from Cayman (Hamburg, Germany). SEW2871 was obtained from Merck Biosciences (Darmstadt, Germany). VPC24191 and VPC23019 were purchased from Avanti Polar Lipids (Alabaster, USA). Polyvinylidene difluoride (PVDF) membranes were received from Millipore (Schwalbach, Germany). Monoclonal rabbit, secondary anti-rabbit IgG horseradish peroxidase (HRP)-linked antibody as well as LumiGLO reagent and peroxide chemiluminescent substrate were provide by Cell Signaling Technology (Frankfurt, Germany). Alexa 488 green-conjugated goat anti-rabbit IgG was from Thermo Scientific (Dreieich, Germany). Primers were synthesized by EurofinsMWG Operon (Ebersberg, Germany). All other chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany). Rabbit monoclonal anti-α-smooth muscle actin (α-SMA) antibodies and monoclonal anti-β-actin antibody were received from Abcam (Cambridge, UK).
Cell culture LX-2 cells, an immortalized human HSC line, were provided by SL Friedman (Mount Sinai School of Medicine, New York, NY). HepG2 and LX-2 cells were cultured in DMEM containing 10% FBS, antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin). The cells were grown at 37°C in an incubator with 5 % CO 2 .
Sphingolipid quantification S1P was extracted and quantified as recently described [11] . Briefly, lipid extraction was performed using D7-S1P as internal standard. Sample analysis was carried out by rapid-resolution liquid chromatography-MS/MS using a QQQ 6490 mass spectrometer (Agilent Technologies, Waldbronn, Germany) operating in the positive ESI mode. The precursor ions of S1P (m/z 380.3) and D7-S1P (m/z 387.3) were cleaved into the fragment ions of m/z 264.3 and m/z 271.3 respectively. Ceramides were extracted and quantified as recently described [14] . Briefly, lipid extraction was performed using C17-ceramide as internal standard. Sample analysis was carried out by rapid-resolution liquid chromatography-MS/MS using a Q-TOF 6530 mass spectrometer ( 
Real-time PCR
Total RNA was extracted as recommended by the manufacturer using the Universal RNA Purification Kit (Roboklon, Berlin, Germany), then total RNA (2 μg) was reversely transcribed using the Revert Aid firststrand cDNA synthesis kit (Fermentas, St Leon-Rot, Germany). An amount of 50 ng cDNA was subjected to amplification by quantitative real-time PCR using a Light Cycler 480 and the SYBR-Green master mix under the following incubation conditions: 95 °C for 5 min, 45 cycles of 95°C for 10 s, 58°C for 10 s, and 72°C for 10 s, followed by 72°C for 5 min and cooled to 4°C. β-actin was used as normalization control. Huaman Oligonucleotide primers (5'→3') were as follows: S1PR 1 : GCC CAT GGC CAA CTC ACT TCTGA (forward), GCT GAC AGG GCC ACA AAC ATAC (reverse); S1PR 2 : GCT GGC CAC TTG ACG ACT TCTCC (forward), GCT TCT CTC TGC CTT GCT CAG (reverse); S1PR 3 : CAA TAG CAG CCA TCT CCG AAGGT (forward), GGC AGG CTG TTG GTC AAA GTA AGG (reverse); S1PR 4 : TCC TCA ACT CGG CGG TCAAC (forward), GGC AGG CTG TTG GTC AAA GTA AGG (reverse); S1PR 5 : GCC ATG GCC AAC TCA CTT CTGA (forward), CAC CTT TGG CTG CAT TTC CTACA (reverse); β-actin: CCC CAA GGC CAA CCG CGA GAA GATG (forward), AGG TCC CGG CCA GCC AGG TCCAG (reverse).
Immunoblotting α-SMA was detected by Western blotting as follows. Whole cell lysates were resolved by 10 % SDSpolyacrylamide gel electrophoresis. The proteins were transferred into PVDF membrane and blocked with non-fat dry milk in Tris-buffered saline/Tween 20 (TBS-T) and incubated with 1:400 dilution of anti-α-SMA antibody in TBS-T overnight at 4°C. The blots were washed and incubated with 1:1000 anti-rabbit HRPlinked secondary antibodies for 1 h at room temperature. The blots were repeatedly washed and incubated in detection reagent LumiGLO according to the manufacturer's protocol using a ChemiDoc XRS+ system (Bio-Rad Laboratories, Munich, Germany).
Immunofluorescence Microscopy of α-SMA LX-2 cells were seeded into 6-well plates, each containing a glass coverslip, and cultured for 24 h in DMEM containing 10 % FBS, and antibiotics (100 U/ml penicillin and 100 μg/ml streptomycin).Then they were serum-deprived for 18 h in DMEM supplemented with 100 U/ml penicillin and 100 μg/ml streptomycin. LX-2 cells were stimulated with S1P for 4 h. Cells were washed with ice-cold PBS and fixed in 2 % paraformaldehyde and permeabilized in 0.5 % Triton X-100 at room temperature for 15 min. Cells were blocked with 5 % BSA for 60 min followed by incubation with anti-α-SMA antibodies 1:200 overnight at 4°C. After that, incubation with Goat anti-rabbit Alexa 488 1:1000 was performed for 2 h. The samples were covered with mounting medium containing DAPI and viewed with a fluorescence microscope Nikon Eclipse E 1000 microscope with a 20x magnification and analyzed with a computer-assessed histomorphometry program (Lucia G 4.82; Nikon, Düsseldorf, Germany).
Statistical analyses
Data are expressed as the mean ± SEM of results of three independent experiments. Statistical analyses (t tests) were performed using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, US). Values of *p < 0.05 and ** p < 0.01 indicate a statistically significant difference vs control experiments.
Results

CM from palmitate-treated hepatocytes provokes pro-fibrotic response in HSCs
To investigate the role of secondary metabolites that are generated in response to palmitate, HepG2 cells were cultivated in the presence of this SFA. Then HSCs (LX-2 cells) were treated with CM from palmitate-treated HepG2 cells, and α-SMA expression was measured via western blot as a marker of HSCs activation. As presented in Fig. 1A , a significant increase of α-SMA levels could be detected after 2 h treatment with CM obtained from palmitate-treated hepatocytes. To further examine that the fibrotic effect of CM was not due to palmitate residues in the CM, LX-2 cells were stimulated with palmitate (0.3 mmol/L). As presented in Fig. 1B , palmitate had no significant effect on α-SMA expression in HSCs.
Role of sphingolipids in palmitate-mediated HSC activation
Sphingolipid metabolism can be modulated by palmitate as it acts as a direct substrate for the de novo sphingolipid synthesis. Therefore, sphingolipid metabolism, in particular generation of S1P and ceramides in response to palmitate was measured in hepatocytes. LC-MS/MS analysis revealed a significant increase in both intra-and extracellular S1P-levels in HepG2 cells. There was a 1.5-fold elevation of intracellular S1P-levels ( Fig. 2A) , whereas the extracellular content of S1P increased almost 2-fold (Fig. 2B) . Interestingly, palmitate exposure also induced a significant increase of intracellular ceramide levels in HepG2 but no ceramides could be detected in the extracellular environment (data not shown). These data indicate that palmitate stimulates the formation of sphingolipid species such as ceramides and S1P, but only the intracellular synthesized S1P is released into the extracellular environment.
S1P induces fibrotic HSC activity
In order to investigate the fibrotic effect of S1P, LX-2 cells were treated with different S1P concentrations for indicated time periods and the expression of α-SMA was analyzed 
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by western blot and immunofluorescence microscopy. S1P stimulation induced a significant activation of α-SMA expression in HSC in a dose-dependent manner (Fig. 3A) . Furthermore, a significant increase of α-SMA was already visible after 2 h and reached a maximum after 4 h S1P stimulation (Fig. 3B) . In agreement with western blot analysis, immunofluorescence detection showed also an increase in α-SMA expression in response to S1P (Fig. 3C) . 
S1P induces LX-2 activation via S1P 1/3 receptor subtypes
Expression of S1P receptor subtypes was determined in LX-2 indicating that all five S1P receptors are present with a dominant expression of S1P 1 and S1P 3 (Fig. 4A) . To further investigate the role of S1P receptors in LX-2 activation, S1P receptors were modulated by different pharmacological approaches. Pretreatment of HSCs with JTE-013 (10 μmol/L), a specific S1P 2 receptor antagonist had no effect on S1P-induced HSC activation (Fig. 4B) . As presented in Fig.4C, SEW2871 , a S1P 1 receptor agonist only slightly increased α-SMA expression. Moreover, a pronounced increase in α-SMA was detected after treatment of LX-2 with VPC24191, a specific S1P 1/3 receptor agonist, indicating that mainly the S1P 3 receptor subtype is responsible for HSC activation (Fig. 4D) .
The role of S1P in palmitate-mediated LX-2 activation via S1P 3 receptor subtypes Next, it was of interest to examine, whether hepatocyte-derived S1P is involved in LX-2 activation. Therefore, LX-2 were stimulated with CM in the presence of the competitive S1P 1/3 antagonist VPC23019. Most interestingly, CM-mediated α-SMA expression was significantly reduced in the presence of VPC23019 (Fig. 5) . These data provide evidence that the palmitate-induced formation of S1P in hepatocytes and its release into the extracellular environment contributes to an activation of HSCs.
Discussion
NAFLD is normally associated with hepatic steatosis and an increased lipid accumulation in hepatocytes [1] . This metabolic disorder is a risk factor for the progression of liver fibrosis and is strongly accompanied by insulin resistance and obesity. HSCs are main mediators for the initiation of liver fibrosis. The activation of HSCs leads to their transdifferentiation into myofibroblastic HSCs leading to phenotypic transformation, the production of ECM, collagen [7, 8] and an increased expression of α-SMA [9] .
One main source of hepatic lipids are SFAs, in particular palmitate, which are elevated in serum of obese individuals [19] . Excess accumulation of SFAs results in oxidative stress, mitochondrial dysfunction, production of pro inflammatory cytokines and apoptosis of hepatocytes [20] . The underlying molecular mechanisms responsible for the interaction between hepatic steatosis and liver fibrosis are not fully understood [9] . Previously, it was shown by Wobser et al. that palmitate is involved in the initiation of liver fibrosis through secondary metabolites that activate HSCs [13] . This is in agreement with our work showing an activation of HSCs after stimulation with CM of palmitate-stimulated hepatocytes while direct palmitate exposure of HSCs had no fibrotic effect. These results indicate that palmitate-derived metabolites are responsible for the fibrotic response. It is well known that palmitate can be used as a substrate for the de novo synthesis of sphingolipids. Several lines of evidence support a role for these sphingolipid derivatives especially ceramides in the pathogenesis of hepatic fibrosis [12] . Interestingly, our study indicates an enhanced ceramide accumulation in hepatocytes in response to palmitate but no release of this sphingolipid into the CM. Nevertheless, ceramides can be further metabolized to S1P, which is a bioactive lipid mediator that is involved in numerous signaling pathways and regulates a wide variety of cellular functions [21] . Several studies indicate an increase of S1P in response to palmitate in different cell types such as myotubes and pancreatic β-cells either via activation of sphingosine kinase or de novo synthesis [22, 23] . S1P exhibits pro-as well as anti-fibrotic activities depending on the site of action. Intracellular formed S1P possesses anti fibrotic effects, whereas extracellular S1P provokes fibrosis in a S1P receptor dependent manner [18] . Indeed, this study clearly provides evidence that hepatic S1P formation is significantly increased after palmitate exposure in HepG2 cells. In contrast to ceramide formation, increased levels of S1P can not only be detected within the cells but also in the extracellular environment. This is in accordance with the fact that S1P can be actively transported by ABC transporters, namely ABCC1 and ABCG2 [24] or via the S1P transporter spinster homolog 2 [25] . Most recently it has been indicated that mRNA of this transporter is increased in human liver with advanced fibrosis [25] . This is in conclusion with a variety of studies demonstrating that hepatic S1P formation is significantly increased in human fibrotic liver and S1P exerts a powerful migratory effect on hepatic myofibroblasts and in the progression of fibrosis in animal models [4, 26] . In accordance, our results demonstrate that S1P is able to activate HSCs as it induces a pronounced α-SMA expression. Due to the fact that extracellular effects of S1P are carried out by binding and activation of S1P receptors, it was of interest to identify the receptor subtype responsible for the fibrotic action. This study indicates a reduced fibrotic property of CM from palmitate-treated hepatocytes in the presence of the competitive S1P 1/3 antagonist VPC23019. In agreement, the use of VPC24191, which is a S1PR 1/3 agonist, exhibits a strong increase in α-SMA expression. Additionally, SEW2871, a specific S1PR 1 agonist, was used to distinguish between the contributions of the S1P 1 versus S1P 3 on liver fibrosis. S1P 1 activation can only partly induce α-SMA expression revealing the more important role of S1P 3 in HSCs activation. Measurement of the receptor profile in HSCs indicated a predominant expression of the S1P 3 receptor subtype, confirming the crucial role of this receptor subtype on HSCs activation. In agreement with our findings, the role of S1P 1/3 for the migratory response and the fibrogenic activation of HSCs have been clearly indicated in a variety of studies. Furthermore, the involvement of the S1P/S1P 3 receptor axis in vivo has been suggested in several fibrotic models [27, 28] . On the contrary, it has been shown that the S1P 2 receptor subtype also contributes to a fibrotic response. In S1P 2 -knockout mice, application of dimethylnitrosamine as trigger factor for acute liver injury resulted in an enhanced regenerative response and injury protection when compared to wildtype mice [26] . Nevertheless, our data indicate that inhibition of the S1P 2 receptor does not influence the fibrotic response of S1P.
The main aim of this study was to understand the molecular mechanisms responsible for the progression of NAFLD from steatosis to fibrosis. Taken together, the SFA palmitate, which is elevated in obesity and steatotic liver, can be utilized as a substrate for the de novo sphingolipid metabolism and induces an elevation of intra and extracellular S1P-levels in hepatocytes. This bioactive lipid may act on HSCs in a paracrine mechanism via binding to S1P 3 to evoke their activation. In particular, these findings indicate that S1P 3 inhibitions can be considered as a potential therapeutic target for liver fibrosis.
